HIV-1-Associated Cardiovascular Disease
the pathophysiology of cardiac disease in HIV has not been well defined, it is likely multifactorial, including direct effects of the virus, opportunistic infections, and ART. [5] [6] [7] [8] [9] Cardiovascular magnetic resonance (CMR) imaging allows a comprehensive assessment of myocardial structure, function, and tissue characterization. We have previously reported, in a cohort of asymptomatic treated patients with HIV, findings of increased cardiac steatosis and myocardial regional fibrosis although these findings did not fully explain the extent of myocardial dysfunction. 10 Our observations have been replicated by Thiara et al. 11 In this study, we used our previous cohort and an additional 66 subjects, including a group naive to ART, and we investigated whether there is an association between myocardial inflammation in subjects with HIV and cardiac pathology.
Methods

Study Population
Subjects with HIV on ART (n=90) and subjects with HIV naive to ART treatment (n=13) were recruited into a cross-sectional, observational study of CVD in HIV infection from 4 HIV treatment centers in the United Kingdom. We previously published the initial results from this study and have expanded on these results by adding 66 subjects, including 13 patients with HIV naive to ART. 10 Subjects included in the study were older than 18 years and had a confirmed diagnosis of HIV. Exclusion criteria included contraindications to CMR, nonsinus rhythm, known CVD (previous myocardial infarction, previous myocarditis, heart failure, arrhythmia, or other chronic cardiac conditions), a history of hepatitis C or injection drug use, renal impairment (estimated glomerular filtration rate, <30 mL/min), impaired liver function (alanine aminotransferase greater than twice the upper limit of normal), a woman who was pregnant, lactating or planning a pregnancy, and known hypersensitivity to gadolinium. Healthy volunteers (n=92) with no history of cardiac disease or HIV infection and with a normal ECG underwent CMR as controls. All subjects gave written informed consent to participate in the study. Ethical approval was granted by the Oxford Research Ethics Committee (REC Ref 10/H0604/95). Treated HIV seropositive subjects were treated in accordance with UK treatment guidelines. Assessments, including CMR, were carried out in the University of Oxford Centre for Clinical Magnetic Resonance Research. All analyses were performed in a blinded manner, with sequential numbering of subjects, with HIV status revealed only after analysis was complete.
CMR Image Acquisition
CMR studies were performed using a single 1.5-T MR system (Avanto; Siemens Healthcare, Erlangen, Germany). T1 mapping was performed using the shortened modified look-locker inversion recovery sequence, and T2-weighted-CMR was performed with the black blood short-tau inversion recovery (STIR) sequence, as previously published. 10, [12] [13] [14] Late-gadolinium enhancement (LGE) imaging and typical imaging parameters were the same as previously published.
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CMR Image Analysis
All CMR images were analyzed offline in a blinded fashion. Analysis of left ventricular (LV) volumes, mass, and ejection fraction was performed using Argus software (Version VB17, 2011, Siemens Medical Solutions) as previously described. 16 
Tagged Cine Images
Postprocessing and semiautomated analysis were performed using CIM software (CIMTag2D, version 7, Auckland, New Zealand) by aligning a grid to the myocardial tagging planes in end diastole.
STIR Images
Quantitative analysis was performed by comparing the LV myocardium in the short axis against adjacent skeletal muscle in the same slice, as previously published.
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T1 Mapping
Analysis of T1 mapping was performed as previously described.
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LGE Images
Images were evaluated qualitatively for the presence or absence, pattern (subendocardial, midwall, subepicardial, and transmural), and regional distribution of LGE areas by 2 observers (N.N. and C.H.), each with at least 3 years of CMR experience, who were blinded to the rest of the data. Volume fraction of LGE was calculated using a threshold of 2SDs.
Areas of Myocardial Involvement by STIR and Precontrast T1 Mapping
On dark-blood T2W images, edema was diagnosed when myocardial T2 SI is ≥1.9 compared with that of skeletal muscle. 17 On T1 maps, myocardial injury was diagnosed when T1 was >990 ms (which is >2SDs above the mean T1 value at 1.5T), as previously published for the objective detection of acute myocardial edema. 18 For all quantitative analyses of T2-weighted and T1 map images, only regions of myocardium with a contiguous area of ≥40 mm 2 above the specified thresholds were considered relevant. This corresponds to 10 pixels for the STIR method 17 to reduce the detection of noise as positive findings. To calculate the extent of myocardial involvement in a subject detected by the tissue characterization techniques, the percentage of abnormal myocardium as defined above was determined for each segment and then averaged for that subject.
Statistical Analysis
Normality of data was tested using the Kolmogorov-Smirnov test. Continuous data are presented either as mean±SD or, where highly skewed, as median (first and third quartiles). Categorical data are presented as numbers (percentages). The χ 2 test or Fisher exact test was used to compare dichotomous data. The unpaired Student t test (when normally distributed) or Mann-Whitney U test (for non-normal data) was used to compare continuous variables between subjects with HIV infection and controls, as appropriate. Segmental data were averaged on a per-subject basis to control for clustering of segments within each subject. Post hoc Bonferroni correction was used to explore whether there were differences between the HIV-infected individuals on ART, HIV-infected individuals not on ART (n=13), and the HIV-uninfected controls (n=92). Bivariate correlations were assessed using the Pearson r or Spearman r S coefficient, as appropriate. All statistical tests were 2-tailed, and a P value of <0.05 was considered statistically significant. All analysis was performed using SPSS version 20 (IBM, Armonk, New York).
Results
Baseline Characteristics
Subjects with HIV infection were well matched with controls for age, sex, and comorbidities (Table 1) ; although in keeping with previous reports, 19 there were more smokers in subjects with HIV infection (40% versus 12% of controls; P<0.005). Subjects with HIV infection had higher median serum levels of high-sensitivity C-reactive protein (3 [2] [3] [4] [5] [6] Table 2 ). Furthermore, there was a modest impairment in peak systolic circumferential strain in subjects with HIV infection (−17.5±2% versus −18.9±1.5% in controls; P<0.001), whereas diastolic circumferential strain rate was more profound being 29% lower in subjects with HIV infection compared with control subjects (71.5±19 versus 101±28 s −1 ; P<0.001). When comparing subjects with HIV infection on ART and those who were ART naive, there was no difference in LV end-diastolic or end-systolic volumes; although while still in the normal range, ejection fraction was an average 6% lower in those untreated (68±6% versus 64±9% in the treated HIV group; P=0.02; Table 3 ). There was no difference in LV mass or size, peak systolic circumferential strain, and diastolic circumferential strain rate between treated versus untreated subjects with HIV infection (Table 3) .
Tissue Characteristics
On T2-weighted STIR imaging, in subjects with HIV, there was a higher signal intensity ratio compared with controls (1.55±0.23 versus 1.49±0.13; P=0.02; Table 2; Figure 1 ). When assessing myocardial regions of injury on T2-weighted imaging using a threshold of a volume fraction of >40 mm, 2 the median volume fraction was significantly greater in the HIV group versus controls 0.07 (0.10-0.19) versus 0.00 (0.00-0.06); P=0.01 (Table 2 ). There were higher native T1 values in subjects with HIV infection (969±28 versus 956±24 ms in controls; P=0.01; 
Pericardial Effusions
Small pericardial effusions, usually less than a centimeter in maximal diameter, were found more frequently in subjects with HIV infection compared with control subjects (57% in the HIV group versus 21% in controls; P<0.001) as shown in Table 2 . In subjects with HIV infection who Volume fraction of LGE, >2SD (%)
Continuous data are presented as mean±SD or median (first and third quartiles) unless otherwise indicated.
LGE indicates late-gadolinium enhancement; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; SA, short axis; and STIR, short-tau inversion recovery.
*Median, 25th to 75th interquartile ranges. HIV-1-Associated Cardiovascular Disease were ART naive, the incidence of pericardial effusions increased to 77%; however, this was not statistically significant (Table 3 ; P=0.13).
Patchy Fibrosis (LGE Imaging)
As previously reported by our group, 10 the presence of LGE was found more commonly in subjects with HIV infection compared with controls (83% versus 16%, respectively; P<0.001). Most HIV-infected subjects had small areas of nonischemic midwall enhancement found most commonly in the basal inferolateral and lateral walls and in the basal to mid septum ( Figure 3 ). Quantitative analysis of LGE revealed that subjects with HIV infection had overall a small volume of scarring (≈3% of total LV mass).
There was no difference in the proportion of LGE between treated versus untreated subjects with HIV infection (Table 3) .
Functional Correlates of LV Function in HIVInfected Subjects
In HIV-infected subjects, LV ejection fraction (LVEF) correlated modestly with both peak systolic strain (r=−0.39; P<0.001) and peak diastolic strain rate (r=0.29; P<0.001) as expected. Interestingly, there was a modest negative correlation between LVEF and CD4 count nadir (r=−0.23; P=0.03). 
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However, there was no association between strain or strain rate and HIV disease duration, viral load, CD4 nadir, or CD4 count on imaging. When comparing protease inhibitor versus non-nucleoside reverse-transcription inhibitor-based treatments, there is no difference in LV volumes, systolic function, strain measurements, STIR T2 signal intensity ratio and native T1 values, and the presence of pericardial effusions.
Discussion
We have demonstrated that in a contemporary cohort of asymptomatic individuals with treated HIV infection, there are changes in myocardial tissue characterization, which accompany alterations in myocardial structure and function. Treated HIV infection is associated with chronic inflammatory changes, 20 including elevated inflammatory markers, and we now find evidence of chronic subclinical myocardial edema and fibrosis and a high incidence of pericardial effusions. We propose that these chronic systemic inflammatory changes may partly underlie the changes in cardiac structure, function, and high incidence of myocardial fibrosis seen in treated HIV patients.
In keeping with previous reports, 10, 11, [21] [22] [23] [24] [25] [26] we have demonstrated alterations in systolic and diastolic functions in asymptomatic subjects with HIV compared with control subjects. Our study has shown a modest reduction in LVEF (which was related to nadir CD4 count) and an increase in LV mass in subjects with HIV. Despite significant differences in tissue characteristics identified on CMR between HIV-infected and uninfected subjects, the LVEF proved a crude measure of function, with only a small difference between patients and controls. Increases in LV mass and LV hypertrophy are independent prognostic factors in the general population. 27 We show reduced LVEF and elevated mass in subjects with HIV, which may be related to the increased cardiac morbidity and mortality in the population with HIV infection. The changes in LV mass were independent of hypertension and body mass index. Although the cause of these structural changes remains unclear, we propose that they are related to the subclinical edema observed. In keeping with this hypothesis, patients with rheumatoid arthritis, another chronic inflammatory disease, have increases in LV mass 28 and reduced cardiac systolic and diastolic function, 28, 29 which are associated with disease duration. In keeping with an ongoing chronic inflammatory state, subjects with HIV infection had higher C-reactive protein values, increased pericardial effusions, and altered native myocardial T1-and T2-weighted signal intensity ratio, suggesting subclinical low-grade persistent inflammation.
Increases in native T1 mapping, as a quantitative measure of water content using CMR, although nonspecific, can be seen in acute myocardial edema, infarction, myocarditis, amyloidosis, and focal and diffuse fibrosis. 18, [30] [31] [32] We postulate that increased T1 represents a combination of patchy myocardial edema, fibrosis, and inflammation. The effect of this subclinical inflammatory process is unclear; however, given that our study demonstrates changes in myocardial function, we propose that this subclinical inflammation is a major mechanism, and as infection is a lifelong chronic condition, this inflammatory damage may be cumulative.
Before the era of ART, the most common cardiac manifestation of HIV infection was pericardial effusions and the survival of AIDS patients with effusions was significantly shorter (38% at 6 months) compared with those without pericardial effusions (93% at 6 months). 33 With the introduction of ART, there was a marked reduction in their incidence. The Cardiovascular Diseases in HIV-related Subjects (HIV-Heart Study) 34 investigated 802 patients with HIV, 85% of whom were on ART, and found echocardiographic evidence of pericardial effusions in only 2 patients. Our study, using comprehensive CMR, has shown a pericardial effusion incidence of Figure 3 . Pericardial effusions, lategadolinium enhancement, and native T1 mapping in HIV-infected individuals and controls. A, Cine image from a patient with HIV, with arrows demonstrating midwall fibrosis and a small pericardial effusion, compared with a normal control subject (B). C, The corresponding T1 map, from a patient with HIV, with associated pericardial effusion (red) compared with a normal control subject (D). HIV-1-Associated Cardiovascular Disease 58% in subjects on ART and 77% in those who were ART naive. The higher sensitivity of CMR has enabled demonstration of small pericardial effusions; and although these are not hemodynamically significant, they likely support the presence a low-grade inflammatory state.
As previously reported, 10 we found small volumes of focal myocardial fibrosis, detected by LGE, in asymptomatic HIV-infected subjects. Historic studies have shown that at autopsy, 40% of HIV-infected patients had histological evidence of interstitial fibrosis 35 although there has been a dearth of studies of myocardial fibrosis in contemporaneous cohorts of HIV-infected individuals. Even in the era of ART, with suppression of viral replication, treated HIV infection is associated with persistent inflammation, tissue fibrosis, suboptimal immune recovery, and organ damage. 36, 37 Given the frequent finding of myocardial fibrosis in inflammatory disease, such as seen after myocarditis, for instance, it is plausible that the frequent finding of fibrosis in HIV is secondary to chronic inflammation. Myocardial fibrosis in animal and human studies is associated with worsening ventricular systolic function, abnormal cardiac remodeling, and increased ventricular stiffness. 38, 39 We postulate the chronic myocardial inflammation leads to fibrosis, which may underlie the altered myocardial function in this group.
The cause of this chronic inflammatory milieu leading to myocardial edema, fibrosis, and pericardial effusions is unclear in the era of viral suppression. The inflammatory changes we describe may not be specific to HIV and could be a generalized response to any chronic systemic inflammatory disorder. Our data suggest that despite virological suppression, there is ongoing myocardial and pericardial inflammation in those with HIV infection. We have shown that subjects with treated HIV have higher systemic inflammation, with high levels of high-sensitivity C-reactive protein, compared with controls. Inflammatory cells are upregulated in cardiac myocytes in HIV infection and particularly cells that express CCR5-the coreceptor used by most transmitted HIV strains. CCR5 has been implicated in numerous CVDs, and in animal models drug targets to CCR5 has resulted in viral suppression with reduced cardiac dysfunction. 40, 41 When comparing subjects with HIV who were on ART versus subjects who were treatment naive, despite the small numbers in the latter group, there were significant differences in LVEF between the 2 groups. We also noted that 10 of the 13 subjects not on ART showed evidence of pericardial effusions, suggesting that persistent viremia, leading to recruitment of inflammatory cells, may underlie these effusions. Given that we have also shown an association between CD4 nadir and LVEF, this further supports the rationale for early initiation of ART. Indeed, the World Health Organization has recently proposed that all patients with HIV be commenced on ART despite the CD4 count, and the recent results of the Strategic Timing of Antiretroviral Treatment (START) 42 trial would support this proposition.
We think that our findings of increased myocardial edema and fibrosis provide a plausible mechanism for changes in cardiac function in patients with HIV. We do, however, note that the myocardial volumes, function, and tissue characteristic values are within the normal range in patients with HIV; so, our results are unlikely to directly affect individual patients with HIV. Whether these findings predispose to the development of cardiomyopathy or could explain subtle symptoms in patients with HIV is unclear.
Limitations
Our study has several limitations. First, native myocardial T1 values may increase with myocardial edema, fibrosis, infarction, myocarditis, or amyloidosis and are not specific for myocardial inflammation or fibrosis as discussed. Second, T2 mapping was not performed, which would have been an interesting comparison; however, T2 mapping at the present time seems to have a large interindividual variability, 43 which may not have helped significantly in distinguishing between myocardial water from inflammation and that in an expanded extracellular space. Third, postcontrast T1 mapping and extracellular volume quantification were not performed. Fourth, besides T1 mapping, there is no other serum or histological test performed to support the presence of diffuse myocardial fibrosis in our patients; in this study of early myocardial disease in asymptomatic patients, no myocardial biopsy for histological correlations could be justified. Fifth, T2-weighted image analysis requires an increased signal intensity in myocardium relative to SI of skeletal muscle. In a systemic disease, that may also affect skeletal muscle, the magnitude of findings could be underestimated. Finally, patients with HIV but not on ART were limited in numbers although the proportion reflects current practice in the United Kingdom, making comparisons between the groups difficult. With a push toward early treatment for HIV, it is unlikely a large cohort of ART naive patients will be available for comparative studies to help determine the direct influence of ART on our findings.
Conclusions
Treated HIV is associated with chronic inflammatory changes, including chronic subclinical myocardial edema and a high incidence of pericardial effusions. These chronic inflammatory changes may underlie the high incidence of myocardial fibrosis and alteration in cardiac function observed in patients with treated HIV. Further studies are required to determine whether these inflammatory changes play a causal role in the increased cardiac morbidity and mortality in treated HIV and whether there is an additional need for anti-inflammatory therapy.
